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Fluorene and thiophene units are commonly used in polymeric materials for electro-
optical applications. Due to differences in reactivity, the ﬁnal composition of polymers
containing these components often differs from that used in their preparation. This
contribution describes the synthesis of PPV type terpolymers built by ﬂuorene, phenylene
and thiophene units and their quantiﬁcation by CPMAS NMR. The similarity of the three
aromatic co-monomers makes it difﬁcult to separate the analytical responses that would
allow quantiﬁcation of each copolymer unit in the chain. In this sense, we show that the
combination of dipolar dephased CPMAS with radiofrequency ramp and proper spectral
treatment allows a good estimation and quantiﬁcation of the copolymer constitution.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction terpolymers in which the ﬂuorene moiety was maintainedThe use of copolymerization in electronic polymers is
a widespread method to combine the properties of the
parent components [1,2]. In particular, the ﬂuorene unit has
been used in photovoltaic devices as a donor moiety due its
low lying HOMO level as compared to the LUMO of the
acceptor (mainly the fullerene molecule and derivatives),
providing good values of open circuit voltage (Voc) [3–7].
On the other hand, thiophene units have been used with
the aim of enhancing electron donor capability in those
devices [8,9].
In copolymers, the ﬁnal composition is not always the
same as the feed composition. The relative reactivity of the
co-monomers towards the propagating center and their
instantaneous concentration in the reaction medium are
the driving factors for polymer enchainment. Since the
establishment of the structure vs. properties relationships
relies on the material’s composition, its correct quantiﬁ-
cation is extremely important. In this contribution, we
present the quantitative NMR characterization of a series ofx:þ5541 33613186
Elsevier OA license.constant (50%) and the proportions of phenylene and
thiophene units were varied, namely poly[(9,90-dihexyl-
9H-ﬂuorene-2,7-diyl)-1,2-ethenediyl-1,4-phenylene-1,2-
ethenediyl]-alt-[(9,90-dihexyl-9H-ﬂuorene-2,7-diyl)-1,2-
ethenediyl-2,5-thiophene-1,2-ethenediyl]. Apart from the
mentioned characteristics imparted by the ﬂuorene and
thiophene units, phenylene and thiophene were intro-
duced in order to enhance the charge transport prop-
erties [10–13]. The ﬁnal structure and synthesis path
are depicted in Scheme 1. The acronyms follow the
molar thiophene/phenylene ratio in the copolymers. The
general acronym for the materials is LaPPS30, and
the given nomenclature was the following: LaPPS30-0
stands for the copolymer without thiophene, LaPPS30-
25, LaPPS30-50, LaPPS30-75 are the copolymers contai-
ning 25, 50 and 75 of thiophene/phenylene, respectively.
LaPPS30-100 stands for the copolymer without phenyl-
ene. These compositions are presented in Table 1.
As stated, the ﬁnal composition depends on the relative
reactivity of the co-monomers and their concentration in
the neighborhood of the reactive site during polymeriza-
tion. In the present case, enchainment will be dictated by
the relative reactivity of the phenylene and thiophene
aldehydes towards the phosphonium groups of 2,7-bis
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Scheme 1. The synthetic route and generic ﬁnal structure of the copolymers.
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dibromide. According to the mechanism of this Wittig
polycondensation, the transition state of the reaction is the
product formed by the reaction of the ﬂuorene phospho-
nium salt and the thiophene or phenylene dialdehydes, the
betaines [14]. The possibilities of enchainment are depicted
in Fig. 1. Due to the similarity between the structures of the
corresponding adducts of phenylene and thiophene, it is
difﬁcult to forecast which one would be the more reactive
andwould prevail in the copolymer. Both electronic density
and planarity are similar and, moreover, once one side is
substituted the reactivity of the other is changed.
1H solution NMR provides a robust and quantitative
way of characterizing the constitution of copolymers [15].
If the 1H signals from the different units can be separated
and identiﬁed in the spectra, the ratio between the inte-
grated line intensities, weighted by the number of protons
in each unit, can provide the relative number of each
monomeric component in the copolymer. However, in
some cases line superposition makes this quantiﬁcation
inapplicable. The lack of resolution may be overcome using
13C solution NMR. However, the low natural abundance
and the long 13C T1 relaxation time can make quantitative
13C experiments quite time demanding. Another alterna-
tive is to use high resolution solid-state 13C NMR (SSNMR)
methods. The acquisition of 13C spectra in the solid-state
may be done efﬁciently using the cross-polarization magic
angle spinning (CPMAS) experiment. Apart from solvingTable 1
Feed composition for the copolymerizations.
Phosphonium
salt (a)
Terephtaldehyde (b) 2,50-thiophene
dicarboaldehyde (c)
LaPPS30-25 0.957 mmol 0.717 mmol 0.239 mmol
LaPPS30-50 0.957 mmol 0.478 mmol 0.478 mmol
LaPPS30-75 0.957 mmol 0.239 mmol 0.717 mmolthe T1 problem, a cross-polarization excitation combined
with magic angle spinning and 1H dipolar decoupling
provides a way for 13C signal enhancement, since the
repetition time of this experiment is dictated by the much
shorter 1H T1 relaxation time. CPMAS methods also act as
a dynamic ﬁlter, so only the rigid, high molecular weight
component of the sample contributes to the spectrum [16].
On the other hand, the 1H-13C magnetization transfer
employed in the experiment makes the 13C signal intensity
dependent on the local 1H environment, resulting in the
spectra being intrinsically non-quantitative. Fortunately,
due to the need for quantitative or semi-quantitative 13C
NMR spectra in insoluble systems, many approaches have
been developed recently aiming to make the CPMAS as
quantitative as possible, which include spectral editing
and use of a ramped RF during the cross polarization
(ramp-CPMAS) [17–19]. This was particularly useful in the
present work, since the similarity between the three
aromatic co-monomers makes it difﬁcult to separate the
analytical responses with other methods, including 1H
NMR. In this contribution, the ramp-CPMAS method,
spectral integration and proper spectral editing for signal
assignment, made it possible to quantify the composition
of ﬂuorene/thiophene/phenylene terpolymers.
2. Experimental
2.1. Generic synthesis of the terpolymers [20,21]
The correct amounts (Table 1) of 2,7-bis[(p-triphenyl-
phosphonium)methyl]-9,90-di-n-hexylﬂuorene dibromide
(a), terephthaldhyde (b) and 2,50-thiophenedicarbox-
aldehyde (c) were dissolved in 20 mL of chloroform In
a 100 mL ﬂask. 20 mL of an ethanol solution of potassium t-
butoxide 1.1071 g (9.87 mmol, 2.5 eq) was added drop wise
at room temperature. After reacting overnight, 5 mL of
hydrochloric (2% w/v) acid was added slowly, and the
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Fig. 1. Possibilities of enchainment for LaPPS30. When the tail of the growing chain is formed by reaction the ﬂuorene phosphonium with the carbonyls of
phenylene dialdehyde, the betaine-phen is carbonyl terminated: phenylene carbonyl chain ends(A). When the tail of the growing chain is formed by reaction the
carbonyl of phenylene dialdehyde with ﬂuorene phosphonium, the betain–phen is phosphonium terminated: phenylene phosphonium chain ends (B). The same
is valid for the formation of products (C) and (D) in relation to the thiophene moiety inclusion.
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stirring. After ﬁltration, the collected yellow precipitate
was dissolved in 10 mL chloroform and re-precipitated in
800 mL of cold methanol. The polymer was ﬁltered and
dried under vacuum for 48 h. Copolymers without phe-
nylene (LaPPS30-100) and without thiophene (LaPPS30-0)
were prepared as described in references [22] and [20],
respectively.
3. Materials and methods
Tereftaldehyde (Aldrich), 2,50-thiophenedicarbox-
aldehyde (Aldrich), potassium t-butoxide (Acros, P.A.),methanol (Vetec, P.A.), chloroform (Vetec, P.A.), ethanol
(Synth, 99.5%), were treated according to the literature [23].
The molar masses of the copolymers were measured by
a gel permeation chromatograph Agilent 1100 equipped
with a refractive index detector and PL gel mixed C and B
columns in series, at 35 C, using THF as solvent and
monodisperse polystyrene samples as standards. Differ-
ential scanning calorimetry (DSC) measurements were
performed with a Netzsch equipment model 200 with
a scanning rate of 10 C/min in a nitrogen atmosphere
ﬂowing at 15 mL/min. Thermogravimetric analyses (TGA)
were run in a Netzsch equipment model TG209 with
a scanning rate of 10 C/min in a nitrogen atmosphere.
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INOVA spectrometer at 13C and 1H frequencies of 100.5 and
400.0 MHz, respectively. A VARIAN 7-mm MAS double-
resonance probe head with variable temperature (VT) was
used. The spinning of 6 kHz, was controlled by a VARIAN
pneumatic system that ensures a rotation stability of2 Hz.
Typical p/2 pulse lengths of 3.5 and 4.5 ps were applied for
13C and 1H, respectively. Time Proportional Phase Modu-
lated (TPPM) proton decoupling with a ﬁeld strength of
70 kHz, RF ramped cross-polarization time of 1 ms and
recycle delays of 5 s were used. Dipolar dephased CPMAS
spectra used for spectral edition for line assignments were
acquired with 200 ms dipolar dephasing period.Fig. 2. a) Chemical structure of the LAPPS – 30 polymers with the carbon
numbering used in the 13C CPMAS spectra assignments of Table 1. b) - f) 13C
full (solid) and dipolar dephased (dot) CPMAS NMR spectra of LaPPS30
polymers. All the spectra were normalized by the intensity of line indexed as
1. The assignments of each line to speciﬁc carbons, as numbered in Fig. 2, are
shown in Table 1. Non-numbered lines correspond to spinning sidebands.4. Results and discussion
The molar masses and main thermal transitions for the
copolymers are shown in Table 2.
NMR spectra of the copolymers are depicted in Fig. 2,
which shows the ramp-CPMAS, and dipolar dephased
CPMAS spectra of LAPPS30-0, LAPPS30-25, LAPPS30-50,
LAPPS30-75 and LAPPS30-100. The assignments of the
numbered lines in Fig. 1 to speciﬁc carbons in the polymer
chains (Fig. 2) are presented in Table 3.
For the assignments presented in Table 3, spectral
edition based on dipolar dephased CPMAS experiments
[18,19] were used to identify the lines corresponding to
non-protonated carbons. In these experiments, the dipolar
decoupling is interrupted for a time period tdeph (200 ms in
the present case), so the magnetization from 13C nuclei
coupled to 1H is dephased, while the magnetization from
the not 1H coupled 13C nuclei remains. Thus, the resulting
13C NMR spectrum is selective of carbons not directly
bonded to 1H or located in molecular segments with high
mobility, which also experience weak 1H dipolar coupling
[23]. The assignments based on the dipolar dephased
CPMAS spectrum are shown in Fig. 1. The lines 1, 2, 3 and 6
were assigned to tertiary carbons in the polymer chain.
After the identiﬁcation of the tertiary carbons lines, their
chemical shifts were used to relate them to speciﬁc
carbons, as shown in Table 3. Because of the side chain
mobility, the CH2 carbons also contribute to the dipolar
dephased CPMAS spectrum, allowing the assignment of the
lines 7, 8, 9 and 10 according to Table 3. In this case, the
dipolar dephased CPMAS spectrum also points to amobility
gradient along the side chains, which supports the attri-
bution of line 7 to the CH2 group closest to the side-chain,
and line 10 to the CH3 at the chain ends.Table 2
Molar masses and transition temperatures for the copolymers.
Tga (C) Tdb (C) Mn Mw Polydispersity
LaPPS30-25 107.5 450 6390 21700 3.40
LaPPS30-50 73.1 458 5000 10100 2.01
LaPPS30-75 108.3 463 8720 16900 1.95
a Tg ¼ glass transition temperatures.
b Onset of decomposition.The relative amounts of the x and y segments can be
qualitatively observed directly on the 13C ramp-CPMAS
spectra shown in Fig. 2. According to Table 3, line 1 is due to
2 carbons in the x segments and 2 carbons in the y
segments, whereas for line 3, 4 carbons contribute to the x
segments and 2 carbons to the y. As a result, the intensity of
line 3 is expected to increasewith thenumber of x segments.
This is clearly observed in Fig. 2, showing that the number
of x segments in sample LAPPS30-0 > LAPPS30-25 >
LAPPS30-50 > LAPPS30-75 > LAPPS30-100.
The amount of the x and y segments (x/y ratio) in the
copolymers may, in principle, be obtained directly from
the relative line intensities. However, as mentioned in the
introduction, the CPMAS spectrum is not truly quantitative
in the sense that the line intensities are not strictly
proportional to the number of carbons that account for
Table 3
Line assignments for the 13C CPMAS solid-state NMR spectra of LAPPS30 polymers.
Line number Chemical shift (ppm) Carbon type Assignment
x segment Carbon number y segment Carbon number
1 151.8 tertiary 48,50 10,12
2 141.1 tertiary 51,52 2,5,13,14
3 136.7 tertiary 38,41,46,56 8,18
4 136.3 CH 39,40,42,43,47,54,55,57 3,4,9,16,17,19
5 128.9 CH 36,37,44,45,53,58 6,7,15,20,21,22
6 55.4 tertiary 49 11
7 40.8 CH2 59,65 24,30
8 31.2 CH2 60,61,66,67 25,26,31,32
9 23.2 CH2 62,63,68,69 27,28,33,34
10 14.2 CH3 64,70 29,35
Fig. 3. Zoom of the 100–170 ppm region of the 13C CPMAS NMR spectra of
LAPPS30 - 0, LAPPS30 - 50 and LAPPS30 - 100 polymers. The deconvolutions
using 5 Gaussian lines to account for 3 groups of non-protonated and 2
groups of protonated carbons (see Table 1) is also shown. Due to the best
resolution of the LAPPS30 – 0 Spectra the line 5 was take as two indepen-
dent Gaussians. The line individual intensities were taken as the integral
under each Gaussian line.
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x/y ratio, it is crucial to compare intensities of lines that
arise from the same type of carbons in segments x and y,
since they experience similar dipolar coupling and, conse-
quently, have similar cross-polarization efﬁciency. More-
over, in the ramped CPMAS experiments, as used here,
small variations in the cross-polarization efﬁciency were
also avoided by the use of the radio frequency ramp during
the cross-polarization [17]. Another point is that at low
spinning rates, as used in the measurements (6 kHz), the
spinning sidebands of the aromatic carbons signals are not
totally suppressed, and the intensity of the central line also
depends on the chemical shift anisotropy (CSA) of each
group [18]. The use of non-protonated aromatic carbons
(not linked to hydrogen atoms) also avoids this problem,
since they have similar CSA. Therefore, because the signals
from the non-protonated carbons are less sensitive to
variations in the cross-polarization efﬁciency and CSA, the
intensities of the lines 1, 2 and 3 are mostly proportional to
the number of carbons that account for them. This is sup-
ported in the spectrum of LAPPS30-100 (x¼ 0), where lines
1 and 3 have equal intensities and both are due to 2 non-
protonated carbons in the main chain, shown in the last
column of Table 3. Based on the number of carbons that
contribute to the lines 1, 2 and 3, the line intensities
I1; I2; I3 can be written as,
I1 ¼ að2xþ 2yÞ
I2 ¼ að2xþ 4yÞ
I3 ¼ að4xþ 2yÞ
0
I2  I1 ¼ a2y
I3  I1 ¼ a2x0
x
y
¼ I3  I1
I2  I1 (1)
Therefore, the x/y ratio can be obtained from the
intensities I1; I2; I3. In order to obtain good precision in
the determination of the line intensities, the main chain
region of the spectra (100–170 ppm) was ﬁtted using
Gaussian line shapes and the line intensity was taken as
the integral of each Gaussian line, with the error being
obtained from the accuracy of the ﬁt. Five Gaussian lines
were used in the spectra deconvolution, accounting for the
lines 1, 2, 3 (non-protonated main chain carbons), 4 and 5
(protonated main chain carbons). Fig. 3 shows the main
chain regions of the LAPPS30 - 0, LAPPS30 - 50 and
LAPPS30 - 100 CPMAS spectra together with the corre-
sponding Gaussian curves used in the deconvolutions. The
line intensities, I1, I2 and I3, the corresponding x/y ratios, as
Table 4
Quantiﬁcations of the x/y ratio in the LAPPS30 copolymers from 13C CPMAS solid-state NMR spectra. The integrals are normalized by the integral of line 1.
Copolymer I1 I2 I3 x/y % x % y
LAPPS -30-0 1.00  0.02 1.05  0.02 2.1  0.05 20  5 95  5 5  5
LAPPS -30-25 1.00  0.02 1.59  0.03 2.00  0.03 1.7  0.2 63  3 37  3
LAPPS – 30-50 1.00  0.02 1.45  0.03 1.48  0.03 1.1  0.2 52  4 48  4
LAPPS – 30-75 1.00  0.02 1.72  0.03 1.51  0.03 0.7  0.2 40  4 60  4
LAPPS30 - 100 1.00  0.03 1.74  0.01 1.03  0.01 0.04  0.03 4  3 96  3
B. Nowacki et al. / Polymer Testing 30 (2011) 342–347 347well as the percentage (%) of x and y segments in each
polymer obtained using relation (1) are shown in Table 4.
The accuracy in the determination in the percentage of x
and y segments is better than 5%.
5. Conclusions
In this contributionwe presented the synthesis, thermal
and NMR Solid-State characterization of a series of
terpolymers in which the ﬂuorene moiety was maintained
constant (50%) and the proportions of phenylene and
thiophene units were varied in order to enhance the charge
transport properties. The similarity of the three aromatic
co-monomers makes it difﬁcult to separate the analytical
responses that would allow the quantiﬁcation of each
copolymer unit in the chain. In this sense, we show that the
combination of dipolar dephased CPMAS with radio-
frequency ramp and proper spectral treatment allows
a good estimation and quantiﬁcation of the copolymer
constitution, which were determined for the full series of
synthesized copolymers.References
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